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(57) An improved M x N mechanical optical switch 
has opposing input and output optical fiber bundles dis- 
posed within offset ferrules forming an optical interface 
with the ferrules having sleeve members secured to one 
of the end faces thereof. The sleeve members have a 
hardness greater than the ferrules and the optical fibers 
for forming respective recessed polished end face re- 
gions on the ferrules at the optical Interface. Each ferrule 
is mounted in three-point kin emat leal ly correct V-groove 
holder allowing the optical fibers in each optical fiber 
bundle to traverse on a closed curve path during the ro- 
tation of the respective ferrules. Each V-groove holder 
has a spring clamp with first and second clamp mem- 



bers and wear-resistant inserts secured to the clamp 
members and the sidewalls of the V-groove holder. The 
closed curve paths of each optical fiber in one of the 
optica! fiber bundles intersect at least one of the closed 
curve paths of the optical fiber in the opposing optical 
fiber bundles. The intersection points of two opposing 
closed curve paths establish the optimum positioning lo- 
cations for two opposing fibers. Offsetting the axes of 
rotation of the opposing optical fiber bundles and mount- 
ing the bundles in a three-point kinematically correct 
holder produces a mechanical optical switch having su- 
perior cycle-to-cycle repeatability, long term repeatabil- 
ity and absolute alignment using loosely toleranced 
components. 
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Description 

The present invention relates generally to optical switches and more specifically to a mechanical optical switch for 
rotatably coupling an optical fiber of a first optical fiber array with a second optical fiber of an opposing optical fiber array. 

5 There are generally two types of optical switches in use today: electronic optical switches and mechanical optical 

switches. Electronic optical switches may be characterized as having no moving parts and perform the switching func- 
tion, for example, by acousto-optically or electro-optically diverting the light passing through the switch. 

Mechanical optical switches, on the other hand, physically move optical fiber elements to produce the switching 
function. Generally the physical movement of the optical fibers in mechanical optical switches is either transversal or 

10 rotational. One family of mechanical optical switches uses focusing elements, such as lenses or the like, to focus the 
light from one fiber to another The use of such elements increases the translational tolerances of the switch but sub- 
stantially decreases its angular tolerances and increases its cost. The other family of mechanical optical switches 
directly couple the light from one optical fiber to the other. The optical fibers are positioned in opposing relationship 
with the end faces of the optical fibers in substantially abutting relationship with each other While this design eliminates 

IS the focusing elements and increases the angular tolerances, it substantially decreases the translational tolerance of 
the switch. 

USP 4,401 .365 describes a rotary-type optical switch in which apair of opposing optical transmission path mounting 
members are disposed on the same rotational axis. One mounting member may be fixedly secured in a casing while 
the other member rotates on a central shaft. Alternately the shaft may be fixed with one of the mounting members 

20 rotating about the shaft. The shaft or the mounting member is directly connected to a motor so that one mounting 
member is rotatable with respect to the other as the shaft or mounting member is rotated by the motor The mounting 
members have respective plane surfaces which are closely opposite each other Optical fibers are secured in each 
mounting member such that the end faces of the optical fibers in each mounting member are concentric about the 
rotational axis of the mounting member and lie on respective phantom circles having the same radii. 

25 USP 5,037, 1 76 describes another rotary-type optical switch that includes first and second identical arrays of optical 

fibers held in axial alignment and relatively rotatable about an axis of rotation to effect optical coupling and decoupling 
of fibers in the opposing arrays. The optical switch has cylindrical switch bodies that receive the first and second 
identical arrays of optical fibers. The switch bodies are maintained in coaxial alignment by means ofa split sleeve 
coupler A tube surrounds the sleeve containing the fiber arrays and O-rings may be disposed between the sleeve and 

30 the tube to permit an index matching fluid to be retained within the switch to prevent back reflections. The optical switch 
described in the "176 patent is incorporated into an optical switch assembly described in USP 5,031,994. 

A critical factor in mechanical fiber optical switches (MFOS] is the precise alignment of the opposing optical fibers 
in the switch. Currently, this requires the components of the switch to be made to very precise tolerances along with 
exacting manufacturing processes. As will be described below, current MFOS fall short in cycle-to-cycle repeatability, 

3S long-term repeatability and absolute alignment of the opposing optical fibers. 

Mechanical fiber optic switches have unique bearing requirements that are not found In other types of applications. 
These special requirements need to be examined to understand why current MFOS do not provide the optimum align- 
ment between switching fibers. The alignment tolerances for light coupling between single-mode optical fibers is well 
known and need not be discussed in detail here. Assuming no longitudinal or tilt misalignment and the input and output 

^0 fibers are identical, the fractional coupling transmission for optical fibers with lateral misalignment is 



45 



so 



55 



r..xp[^| ,1, 

Where x is the lateral offset and Is the l/e^ radius of the irradiance pattem of the fundamental mode of the optical 
fiber. The derivative of equation [1] Is taken to obtain the change in loss for a given change in coupling efficiency. 



Equation [2] can be rearranged to solve for Ax as a f unctk>n of the lateral offset, radius of the fundamental fiber mode, 
and the change in loss. The result is 



AX — .Ar.exp^— (3] 



3 



EP 0 729 050 A2 



10 



IS 



20 



2S 



30 



3S 



40 



SO 



Using the above equations and assuming a transmission efficiency of the switch must be repeatable within 0 01 
dB on a cycle-to-cycle basis with a nominal transmission loss of less than 0.50 dB. maximum alignment tolerance 
values can be calculated for cycle-to-cycle repeatability, long-term repeatability, and absolute alignment. Since the 1/ 
e2 radius ofthe fundamental mode in standard single-mode fiber is roughly 5.0 microns, the nominal loss of 0 50 dB 
corresponds to a lateral misalignment of approximately 1 .7 microns (according to equation [1 ]). According to equation 
[31, if the transmission changes less than 0.01 dB on a cycle4o-cycle basis, the misalignment of 1 .7 microns must be 
repeated to within 0.015 microns, or 15 nanometers. The numerical tolerance are calculated for an optical fiber having 
a mode field diameter of 5.0 microns. Other optical fiber may. for example, have mode filed diameters, such as 5 1 or 
5.6 microns. Different mode field diameters will change the numerical tolerances slightly but not substantially 

The 0.015 micron requirement is for cycle-to-cycle repeatability only There is also a long term repeatability re- 
quirement where the transmission efficiency must not change by more than 0. 1 0 dB over about 1 00,000 cycles Applying 
the same analysis using equations [1] and [3], the position accuracy of the opposing fibers in the switch must repeat 
to within 0.15 microns on a long-term basis or about l/4th of a wavelength of visible light. 

Referring now to Fig. 1 A, there is shown an end view of a cylindrical shaft 10 inside a split sleeve 12 In an ideal 
world, the shaft 10 is perfectly round and has exactly the same outside diameter as the equally perfectly round inside 
diameter of the split sleeve 12 with the shaft 10 touching the split sleeve 12 along Its entire circumference A bore 14 
formed in the shaft 10 for holding the optical fibers Is perfectly round and concentric with the shaft 10 and split sleeve 
12. Figs. IB and 1C illustrate on an exaggerated scale the type of shaft 10. split sleeve 12, and bore 14 that can be 
expected in the real, imperfect world. None ofthe elements 10, 12, or 14 will be perfectly round. Instead shaft 10 and 
split sleeve 12 will approximate a cylindrical surface, with local regions where the radius is slightly too large or too 
small. This is shown in the figures as an ellipse. As can be seen from the figures, the points of contact between the 
split sleeve 12 and the shaft 10 will change as one or the other rotates, or if any slight lateral torque as shown by 
dashed ellipse 16, is applied to the shaft 10, so that fibers (not shown) in the shaft will not trace out concentric circles 
Notice also that, at the point of contact, the surface of the split sleeve 12 is parallel to the surface of the shaft 10 The 
only force preventing the shaft 10 from slipping in the split sleeve 12 is the frictlonal force between the two surfaces 
The frictional force is incapable of reliably providing the kind of cycle-to-cycle or long-term repeatability that is needed 
Furthermore, there is the paradox of lubrication. In order to extend the life of the bearing surfaces it is desirable to 
lubricate them, but lubrication reduces the frictional forces between the two surfaces, resulting in more wobble. 

Figs. 1 B and 1 C illustrate an additional problem. The fibers align themselves to the shaft 1 0 via the bore 14 drilled 
along the axis of the shaft 10. and this bore 14 has its own set of tolerances. Specifically, the bore 14 will be slightly 
out of concentricity with the outside surface of the shaft 1 0. and like the outside surface of the shaft 1 0 it will be sliahtiv 
out-of- round. » w y 

There are multiple dimensional tolerances that must be tightly specified if the input and output fibers of the switch 
are to rotate on identical circles that are precisely concentric. The design parameters that must be firmly controlled are: 



Roundness of the input shaft outside diameter. 
Roundness of the output shaft outside diameter. 
Roundness of the input shaft Inside diameter. 
Roundness of the output shaft inside diameter. 
Concentricity of the input shaft inside and outside diameters. 
Concentricity of the output shaft inside and outside diameters. 
Outside diameter of the input shaft. 
Inside diameter of the input shaft. 
Outside diameter of the output shaft. 
^5 - I nside diameter of the output shaft. 
Inside diameter of the split sleeve. 
Roundness of the split sleeve inside diameter. 
Diameters of the input and output fibers. 
Concentricity of the input and output fibers. 



To maintain an insertion loss of less than 0.50 dB, all of these tolerances must add up to less than about 17 
microns of misalignment^ This is an extremely difficult task, and to accomplish it the individual components (input fibers 
output fibers, input shaft, output shaft, and split sleeve) must have several dimensk>nal tolerances that are sub-micron' 
This IS certainly not conducive for minimizing the costs of individual components, and is daunting in terms of manu- 
55 facturability. 

Another issue in mechanical fiber optic switch design is switch repeatability. Referring to Fig. 2, there is shown a 
side view of the shaft 10 and sleeve 12 of Figs. 1B and 1C with the sleeve 12 being sectioned. The split sleeve 12 
works with shaft 10 that is slightly larger than the inside diameter of the unexpanded sleeve 1 2. Because the sleeve 
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1 2 is split, it can expand slightly to allow the shaft 1 0 (a ferrule containing the optical fibers) to fit inside with no diametrical 
clearance. Diametrical clearance is unsatisfactory because it results in slop within the bearing, and there is needed 
less than 0.015 microns of misalignment non-repeatability between the opposing fibers to meet the cycle-to-cycle 
repeatability specifications. 

s As has been discussed with Figs. 1 B and 1C, the out of roundness on the part of the shaft 10 and the sleeve 12 

will cause the fiber to move on curves that are not circles. However, barring wear in the bearing, out-ot- roundness 
should not result in slop or lack of repeatability. Out-of-roundness will affect the total coupling efficiency, but not the 
repeatability. Fig. 2 shows the shaft 10 having an interference fit with the sleeve 12. However, a second shaft 18 will 
most likely have a slightly different diameter owing to the inevitable tolerances in manufacturing. If the second shaft 

10 1 8 has a larger diameter than the first shaft 10, then it will expand the split sleeve 1 2 a little bit, resulting in an interference 
fit for the second shaft 18 but not the first shaft 10. Now the first shaft 10 can slop in the split sleeve 12. If the second 
shaft 18 has a smaller diameter than the first, then it will wobble. No matter what happens one of the two shafts 10 or 
18 will wobble within the split sleeve 12. To meet the cycle-to-cycle repeatability requirement this wobble must be less 
that 0.01 5 microns, so the diameter of the two shafts 1 0 and 1 8 must be equal to about 0.008 microns. This specification 

IS would require extremely expensive parts. However, for all practical purposes, meeting such a specification would be 
impossible to do. 

What is needed is an inexpensive mechanical fiber optic switch that meets the cycle-to-cycle repeatability, long- 
term repeatability, and absolute misalignment specifications. Such a switch should use loosely toleranced commercially 
available off-the-shelf components and be easy to assemble without requiring fine alignment of the switch components 

^0 and fibers. In addition, the switch should have a fiber mounting system that has minimum bearing wear and is insensitive 
to dimensional differences of the components. Further, the switch should have good stability over temperature. 

Accordingly, the present invention is to an optical switch having at least a first optical transmission path rotating 
about a first independent and offset rotational axis for positioning the first optical transmission path on a first closed 
curve and at least a second optical transmission path rotating about a second independent and offset rotational axis 

2S for positioning the second optical transmission path on a second closed curve. The first and second optical transmission 
paths are in opposing relationship forming an optical interface with the closed curves of the optical transmission paths 
being laterally offset from each other for establishing intersecting points on the closed curves. First and second mount- 
ing members are provided for holding the respective first and second optical transmission paths with the first mounting 
member having a rotational axis axial ly aligned with the first independent and offset rotational axes and the second 

30 mounting member having a rotational axis axially aligned with the second independent and offset rotational axis. The 
first and second optical transmission paths are positioned off of the respective rotational axes of the mounting members. 
Means are provided for storing angular coordinates representative of the intersecting points of the first and second 
closed curves of the respective first and second optical transmission paths. Means are provided for axially aligning the 
first and second optical transmission paths at one of the intersecting points on the closed curves for coupling the 

3S measurement test instrument to the optical fiber link using drive motors coupled to the respective mounting members 
and responsive to the angular coordinates for selectively rotating the first and second optical transmissions paths 
relative to each other about their respective independent and offset rotational axes. 

In still a further aspect of the invention the mounting members are positioned in individual, kinematically designed 
offset holder assemblies. In the preferred embodiment, the kinematic mounts are NAgroove structures having an apex 

40 and angularly extending sidewalls forming a V-shaped cavity for receiving the respective mounting members. A spring 
clamp is positioned over the V-shaped cavity for securing the mounting members in a three-point cavity. The V-groove 
structures are formed from a material having substantially the same or greater hardness as the mounting members or 
have inserts secured to the sidewalls of the V-groove structures and the spring clamps that have substantially the same 
or greater hardness as the mounting members. The mounting members and the V-groove structures are preferably a 

45 borosilicate or ceramic material. The inserts are preferably hard materials, such as ceramic or sapphire. 

In the preferred embodiment, the mounting members are first and second ferrules with each ferrule having a 
centrally disposed longitudinal axis about which the ferrule rotate, an outside diameter and a central bore for receiving 
the respective first and second optical fibers. The optical fibers may completely fill the ferrules with any one optical 
fiber lying substantially on the rotational axes ofthe ferrules not moving on a closed curve. Further, the optical interface 

so ends of the ferrules have a sleeve member of ceramic material, which when polished provide separation between the 
first and second optical fibers. Alternately, the ferrules may be made of a ceramic material having a greater hardness 
than the interior optical fibers. 

The axial aligning means includes means for selectively rotating the first and second optical transmission paths 
relative to each other about their respective independent and offset rotational axis. Means are provided for storing 

ss angular coordinates representative of the intersecting points of the first and second closed curves of the respective 
first and second optical transmission paths. The rotating means include first and second stepper motors or DC motors 
with high resolution encoders responsive to the angular coordinates of one of the intersecting points of the first and 
second closed curves for coupling rotational movement to the respective first and second optical transmission paths. 
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First spur gears mounted to the respective stepper or DC motors transmit rotation movement to rotatable shafts via 
second spur gears mounted on the rotatable shafts. The rotatable shafts are coupled to the respective optical trans- 
mission path mounting members. The rotatable shafts include a first shaft element having a central bore for receiving 
the respective first and second optical transmission paths and a flexible drive shaft coupling for connecting the ficst 
dnvG shaft element to the respective optical transmission path mounting members. Also included are firet and second 
bearings having a central bore for receiving the first shaft element of the rotatable drive shafts. Alternately, the rotating 
means may be first and second manually rotatable reduction gear assemblies coupled to transmit rotational movement 
to the respective first and second optical transmission paths. 

The method for axially aligning the opposing optical transmission paths of the optical switch comprising the steps 
of (1 ) rotating the first optical transmission path on the first closed curve to one of the intersecting points in response 
to the angular coordinate representative ofthe position ofthe first optical transmission path at the intersecting point on 
the first closed curve and (2) rotating the second optical transmission path on the second closed curve to the intersecting 
point corresponding to the intersecting point in step (1) in response to the angular coordinate representative of the 
position of the second optical transmission path at the intersecting point on the second closed curve In the preferred 
method these steps are performed simultaneously. An additional step In aligning the opposing optical transmission 
paths IS to select the intersecting point on the closed cuives closest to the optical transmission paths prior to rotating 
the first and second optical transmission paths to the selected intersecting point. A further set of steps in aligning the 
opposing optical transmission paths are: (1) rotating the respective first and second optical transmission paths past 
the selected intersecting point by the same amount; and (2) counter-rotating the first and second optical transmission 
paths simultaneously and stopping the optical transmission paths at the same time at the intersecting point In an 
optical switch having a plurality of optical transmission paths rotating about the one or both of the independent and 
offset rotational axes, an additional step of selecting one of the plurality of optical transmission paths from the pluralitv 
of optical transmissions paths. 

Certain conditions may occur which could damage the optical switch. Further steps of generating respective in- 
terrupt signals for stopping the respective drive motors if the drive motors drive past respective home positions and 
generating a user error code when this condition occurs. An additional validation step is performed when selecting an 
optical transmission path of the plurality of optical transmission paths. The selected optical transmission path has to 
be within selected limits established by the number of optical transmission paths in the plurality of optical transmission 
paths. A user error code is generated when the selected optical transmission path of the plurality of optical transmission 
paths is outside the selected limits. Steps may also be included to sum the angular coordinates ofa current optical 
transmission path intersecting point with a newly selected angular coordinate of a optical transmissbn path to determine 
If the sunrtmed angular coordinates exceed a maximum range value. If this condition occurs a user error code is gen- 
erated. 

The optical switch is usable in a remote fiber test system having at least a first measurement test instrument for 
testing an optical fiber link having optical transmission fibers and an optical test fiber and at least a first optical switch 
for remotely connecting the measurement test instrument to one end of the optical fiber link, the optical switch including 
at least a first optical transmission path rotating about a first independent and offset rotational axis for positioning the 
first optical transmission path on a first closed curve with the first optical transmission path being coupled to the meas- 
urement test instrument, and at least a second optical transmission path rotating about a second independent and 
offset rotational axis for positioning the second optical transmission path on a second closed curve with the second 
optical transmisston path being coupled to the optical fiber link. The first and second optical transmission paths are in 
opposing relationship formingan optical interface, with the closed ounces of the optical transmission paths being laterally 
offset from each other for establishing intersecting points on the closed cuwes. First and second mounting members 
hold the respective first and second optical transmission paths with the first mounting member having a rotational axis 
axially aligned with the first independent and offset rotational axes and the second mounting member having a rotational 
axis axially aligned with the second independent and offset rotational axis. The first and second optical transmission 
paths are positioned off of the respective rotational axes of the mounting members. Means are provided for storing 
angular coordinates representative of the intersecting points of the first and second closed curves of the respective 
first and second optical transmisskm paths. Means are provided for axially aligning the first and second optrcal trans- 
mission paths at one of the intersecting points on the ctosed cun/es for coupling the measurement test instrument to 
the optical fiber Imk using drive motors coupled to the respective mounting members and responsive to the angular 
coordinates for selectively rotating the first and second optical transmissions paths relative to each other about their 
respective independent and offset rotational axes. An optical coupler, such as a wavelength division multiplexer or the 
like, couples the second optical transmission path to the optical test fiber The measurement test instrument may be 
an optical time domain reflectometer, optkial power meter. SDH/SONET test set or the like. A second optical switch 
may be added to the system for remotely connecting another measurement test instrument to the other end of the 
optical fiber link The optical switch of the remote fiber test system may be provided with a plurality of optical transmisswn 
paths rotating about either or both of the independent and offset rotational axes for coupling muHiplicity of measurement 
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test instruments to multiple optical fiber links. 

The invention will now be described by way of example only, reference being made to the accompanying drawings, 
in which:- 

Fig. 1 A - 1C are respective idealized and real world representations of a prior art coaxial alignment scheme for a 
s mechanical fiber optic switch. 

Fig. 2 is a side view of the prior art coaxial alignment scheme for a mechanical fiber optic switch. 
Fig. 3 is an exploded perspective view of the mechanical optical switch according to the present invention. 
Fig. 4 is a perspective view of the ferrule drive assembly in the mechanical optical switch according to the present 
invention. 

10 Fig. 5 is an exploded perspective view of the ferrule drive assembly in the mechanical optical switch according to 

the present invention. 

Fig. 6 is a diagrammatic representation of the offset ferrules in the mechanical optical switch according to the 
present invention. 

Figs. 7 A and 7B are end views of the kinematically correct holder assemblies in the mechanical optical switch 
IS according to the present invention. 

Fig. 8 is a simplified perspective of the offset input and output ferrules In the mechanical optical switch according 
to the present Invention. 

Fig. 9 is a representative alignment fixture for aligning the optical fibers of the input port with the optical fibers of 
the output port in the mechanical optical switch according to the present invention. 
20 Figs. 10A and 10B are a typical flow chart of a procedure for aligning the optical fibers of the input port with the 

optical fibers of the output port in the mechanical optical switch according to the present invention. 

Fig. 11 is a graph representing a mathematical model for coupling between two misaligned optical fibers used in 
the alignment procedure for the optical ports in the mechanical optical switch according to the present invention. 

Fig. 12 is a representation of an analytical station of an alignment apparatus used for calibrating the mechanical 
25 optical switch according to the present invention. 

Fig. 1 3 is a representation of a mechanical alignment statk^n of an alignment apparatus used for calibrating the 
mechanical optical switch according to the present invention. 

Fig. 14 is a flow chart of a procedure for determining the angular coordinates of Intersecting points of opposing 
optical fibers of the input port and output port in the mechanical optical switch according to the present invention. 
30 Fig. 15 is a representation of an inverted image of optical fibers in the output ferrule in the mechanical optical 

switch according to the present invention. 

Fig. 16 is a representation of the alignment condition for an arbitrary input fiber In the mechanical optical switch 
according to the present invention. 

Fig. 17 is a flow chart of a blind search routine for locating a reference fiber hi the mechanical optical switch 
3S according to the present invention. 

Fig. 18 Is a flow chart for a peaking routine for optimizing the alignment of opposing fibers of the Input port and 
output port and for returning the angular coordinates in the mechanical optical switch according to the present invention. 

Fig. 19 is a perspective view of an improved mechanical optical switch according to the present invention. 

Fig. 20 is a plan view of the mounting member drive line assembly of the improved mechanical optical switch 
40 according to the present invention. 

Fig. 21 Is a cross-section view along line A-A* of the nnounting member of the improved mechanbal optical switch 
according to the present invent»n. 

Fig. 22 is a simplified representation of a remote fiber test system using the mechanical optical switch according 
to the present invention. 

^ Referring to Fig. 3, there is shown an exploded perspective view of the mechanical optical switch 20 according to 

the present lnventk>n. One use for switch 20 Is In remote fiber test systems. In such a system, the switch 20 connects 
a remote test unit, such as an optical time domain reflectometer, optical power meter, or the like, to vanous optical 
fibers in order to evaluate them. Another use Is in conjunction with central office telephone switches for redirecting 
phone signals to a different optical fiber line when the original line is damaged. 

^ Switch 20 has a housing 22 having a base 24, end walls 26 and 28, and sidewall 30 forming a partial cavity 32. 

Within the cavity 32 is a central pedestal 34 and bearing supports 36 rising from the base 24. The bearing supports 
36 are disposed between the central pedestal 34 and the end walls 26 and 28. A removable skJewall 38 and top plate 
40 are provided for enclosing the housing cavity 32. Mounted on top of the housing 22 is a circuit board 42 containing 
the electronic circuitry for the switch 20. The electronic circuitry contains a storage device or devices for holding angular 

55 coordinates related to intersecting points on closed curves between two opposing optical fibers. It also contain logic 
circuitry for validating requests to and functions of the switch and for generating interrupt commands for stopping switch 
functions and user error codes. Secured to the outside ofthe housing 22 adjacent to the end walls 26 and 28 are stepper 
motor brackets 44. Secured to each bracket 44 is a stepper motor 46. Extending from each stepper motor 46 is a shaft 
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on >A|hich IS secured a toothed spur gear 48. Mounted on the outside of each end wall 26 and 28 is a photodetector 
bracket 50. Mounted on each bracket is a photodetector 52 having a light emitting element and a light sensitive element 
A bore 54 is formed m each of the end walls 26 and 28. Bearings 56 are press fit into each bore 54 from the cavitv 
^ SKle of the end walls 26 and 28. Bearings 58 are also press fit into the bearing supports 36 Flange shaft seals ^not 
visible in this figure) are mounted within each bore 54 from the outside of the cavity 32 and held in place by seal plates 
60 mounted on the outside ofthe end walls 26 and 28. Extending through the seal plates 60. the flange sh^ seafs 
and bearings 56 and 58 are rotatable drive shafts 62 having a central bore 64 for receiving input and output optfcal 

^r^ltn "^^""'^ °"- ^^"^ ^^^'^ ^ "^^^^-^S ^ ^0 therein. A portion o 

each slotted wheel 68 is positioned within a gap between the light emitting element and the light sensitive element of 
the photodetector 52. Also mounted to the rotatable drive shafts 62 are drive shaft spur gears 72 whicrenqaaes the 
respective toothed spur gears 48 ofthe stepper motor 46. Secured to one end of each of the drive shaftrela^ flexible 
drive Shaft couphngs 74. Within the other end of the flexible couplings 74 are mounting members (not visibL in h s 
hat hold the optical fibers 66 and 67 of the switch 20. Spring clamps 76 are mounted on the cental pedeltS 
34 for hold the rnounting members within offset V-grooves fomied in the pedestal 34. The spring clamps 76 and the 
offset V-grooves form the holder assemblies for the mounting members, which will be described in greater detail below 
The enclosed cavity 32 may be filled with an appropriate index matching fluid to reduce back refLtions oUhe S 

The housing 22. removable sidewall 38. and top plate 40 may be made of such materials as milled aluminum 
stainless steel, or molded plastic. In the current design, these parts are milled aluminum. TT,e rotating rnea^in t^^ 
form of the stepper motor 46 needs to achieve 0.14 degrees of rotatfonal accuracy, be inexpensive, use relative little 
power and be small. An example of such a stepper motor 46 is manufactured and sold by HSl Inc W^terbun/ CT 
under part number HSA33700. This particular stepper motor has an angular control specification to 0.09 dZeL 
Snce the backlash is large for this particular motor a home position indicator is provided with the photodetector 52 
and the slotted wheel 68. The photodetector 52 may be any commonly available device, such as the Sharp GPI L01 F 
manufactured and sold by Sharp Corp.. Camus. WA that generates an electrical signal when light passes frorn the 
hght emitting element to the light receiving element. The slotted wheel 68 may be made of any appropriate maTerS 
having adequate rigidity and capable of having a narrow slot fomied in it. In the preferred embodiment the stttTd 
wheel 68 is fomied from a 1 mil polycarbonate film having a 0.001 inch stot 70 formed therein. The film is laminated 
onto an aluminum stiffening plate. As an alternative to the steppers motors 46. DC motors having high resolution 
encoders may be used. The ferrule drive shaft 62 may be fomrted of any appropriate material that is substantially rigid 
and resistant to wear. In the preferred embodiment, the rotatable drive shaft 62 is a stainless steel rod having an outsL 
diameter of one-forth of an inch. The central bore 64 has a diameter of one-tenth of an inch 

In xu V^^'^ ^ perspective view of the mounting member drive system for the mechanical 

optical switch 20. The time system includes input and output sections 80 and 82 which are essentially the same with 
the exception of the positioning of the optical fibers within the mounting member, which will be described in greater 
detail below in relation to ferrules 86. The elements of the output section 82 are essentially the same as the input 
section 80. The output section 82 has the rotatable drive shaft 62 on which is mounted the slotted wheel 68 and the 

fir^^« A .^''k'^!^' '^^^ "''^^ ^^"^^ P^^^®^ P'^'® '^^^ fl^Se sf'aft seal 94. and bearings 56 

and 58. Attached to one end of the drive shaft 62 is the flexible drive shaft coupling 74. The flexible coupling 74 is 
m^rl ? ,"1® the lateral torque being applied to the ferrules 86 during rotational movement, which wouW cause 
misalignment Of the optical fibers in the switch 20. An appropriate flexible coupling may be obtained from Sen^ometer 
Coip.. Ceder Grove. NJ under part number FC-9. Secured to the opposite end of the flexible coupling 74 is ferrule 86 
contained in a ferrule assembly 88. Within each ferrule 86 are secured the optical fibers 66 and 67 of the switch 20 
Which are in intinrrate opposing relattonship to each other. To maintain this relationship, clamp collars 96 are mounted 
on the ferru e drive shafts 62 on either side of the inner bearings 58 to compress the flexible coupling 74 to keep the 
end faces of the ferrules 86 in compression. 

Referring to Fig. 5, there is shown an exploded perspective view of the mounting member drive assembly. Elements 
in this figure are numbered the same as like elements in the previous figures. The ferrule assembly 88 consisting of a 
ferrule coup er 90 and the ferrule 86. In the preferred embodiment the ferrule coupler 90 is made of stainless steel but 
other suitable matenals nnay be used. Alternately, a ferrule strain relief 92 may be secured within the ferrule coupler 

f,o^r?ifT • Bayport, NY, under part number 

A3215. The ferrule 86 is secured in the ferrule coupler 90. The ferrule 86 is formed of a borosilicate industrial optics 
glass. A representative type of ferrule Is the HO type manufactured and sold by Nippon Electric Glass. Des Plaines 
N inois. This particular type of ferrule has an outside diameter tolerance of ±5 microns, an out of roundness specification 
of ±1 micron, and inside diameter tolerance of ±2 microns. As was previously described, using a ferrule with these 
Tt^u^Tl^^IZ^" °P«f;^' s*"^^*^ not pK,vide the cycle^o-cycle repeatability, long, term repeatability, and 
absolute alignment required for a workable mechanical optical switch. However, applicant's mechanical optcal switch 
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20 overcomes the mechanical tolerance problems of current mechanical optical switches by offsetting the ferrules 86 
so as to rotate about independent axes instead of coaxially aligning and rotating the ferrules about a single axis as in 
the prior art. 

Referring to Fig. 6, there is shown a representation of two opposing ferrules 1 00 and 1 02, rotating on independent 

5 axes 104 and 106, with each ferrule 100 and 102 containing an optical fiber 108 and 110 acting as an optical trans- 
mission path. In the preferred embodiment, the optical fibers are single-mode fibers having a core diameter of approx- 
imately 10 microns and an outside diameter of 125 microns. Other optical transmission paths may also be used, such 
as multimode optical fibers without departing from the scope of the invention. The opposing optical fibers 108 and 110 
are positioned to move along closed curves 112 and 114 as the ferrules 100 and 102 are rotated. The close curves 

10 112 and 114 intersect at points 116 and 118 on the respective curves. Assuming the curves 112 and 114 remain closed 
throughout the 360 degrees of rotation of the ferules 100 and 102. the Intersection points 116 and 118 will be stable 
and will accurately represent the optimum alignment position for the two opposing fibers 108 and 110. 

Referring to Figs. 7A and 7B, there are shown end views of one of the two offset holder assemblies 120 formed 
or mounted on the pedestal 34 of the mechanical optical switch 20. Each holder assembly 1 20 has a V-groove structure 

IS 122 having an apex 124 and angularly extending sidewalls 126 and 128 forming a V-shaped cavity 130. Bonded to 
the sidewalls 1 26 and 128 are thin strips of wear resistant material 132 and 1 34, such as glass, ceramic, or the like. 
Configuring the holder assembly 120 In this manner allows the V-groove structure 122 to be formed from inexpensive 
materials, such as aluminum, plastic, or the like, while at the same time providing an extremely durable bearing. A 
more expensive, but possible design could use V-grooves made directly from the wear resistant material. 

20 Ferrules 86, shown considerably out-of-round for illustrative purposes only, are respectively received in each of 

the V-groove cavities 1 30 formed on the pedestal 34. Spring clamps 76 are positioned over the cavities 130 to secure 
the ferrules 86 In the V-groove structures 122. The sidewalls 126 and 128 of each V-groove structure 122 provide two 
contact points for the ferrule 86 while the spring clamp 76 provides the third. This three-point mount is kinematically 
correct. A kinematic mount used in this specification means a mount with all forces resolved through a concurrent point. 

2S The retaining surfaces, the sidewalls 1 26 and 1 28 and the spring clamp 76, are tangent to the surface ofthe ferrule 86, 
resulting in a minimum energy configuration that is very stable, even when the ferrule 86 is not perfectly round. This 
compares to the prior art switches where the number of contact points is unknown, and varies from switch to switch, 
even during rotation. The spring clamp 76 in each holder assembly 120 is easily capable of small motion, so it can 
accommodate thermal expansion of the ferrule 86 or any out-of- roundness without slop (random movement) of the 

30 ferrule itself. Even if the ferrule 86 is considerably out-of-round the fibers inside the ferrule will still trace out closed 
curves. This eliminates any wobble caused by the dimensional variations between ferrules, as exhibited In prior art 
mechanical optical switches. It shoukJ be noted that the practice of this Inventbn is not limited strictly to the V-groove 
structure and clamp configuration and other kinematically correct holder assemblies may be used without departing 
from the scope of the invention. 

35 Bearing wear is a critical problem for any mechanical optical switch 20. The bearing wear on the V-groove structure 

122 occurs only along a Infinlteslmally thin line on each sidewall 126 and 128 surface. However, wear on the ferrule 
86 occurs along its entire surface. Assuming the thickness of the material removed through wear Is Inversely propor- 
tional to the surface area of the bearing, the wear rates on the V-groove structure 1 22 should be hundreds or thousands 
of times greater than those of the ferrule 86. Bonding the wear resistant strips 1 32 and 1 34 to the sidewalls 1 26 and 

40 128 reduces the wear on the V-groove structure 122. Additionally, control of the switch can be designed so, on the 
average, both ferrules 86 rotate the same number of degrees during any 100,000 cycles. This would in theory result 
in even wear rates for both V-groove bearings so that the ferrules 86 settle into the respective V-groove structures 1 22 
by the same amount, thus preserving their relative alignment. 

Referring to Fig. 8, there is shown a perspective view of the offset V-groove holder assemblies 120 formed on the 

4S pedestal 34 of the mechanical optical switch 20. Mounted in the V-grooves 140 and 142 are input and output ferrules 
1 44 and 1 46 containing input and output optical fiber arrays 1 48 and 1 50. Each fiber array 1 48 and 1 50 may be formed 
of a single optical fiber 152 or multiple optical fibers. The outer walls of the ferrules 144 and 146 and the spring clamps 
76 are not shown for clarity. The wear resistant strips 132 and 134 are shown in the currently preferred configuration 
where the separate wear resistant strips are bonded to the opposing ends of the sidewalls 1 26 and 1 28 ofthe V-grooves 

so 1 40 forming a double ended bearing for the ferrules 1 44 and 1 46. The spring clamps 76, as shown in Fig. 3, are slotted 
to form first and second spring clamp members positioned over each set of wear resistant strips for securing the ferrules 
144 and 146 in the V-groove cavity 130. Alternately, the wear resistant strips 132 and 134 may be configured to line 
the complete sides ofthe V-grooves 140. As is shown in the figure, the input ferrule 144 is slightly offset from the output 
ferrule 146. Because each ferrule 144 and 146 is highly constrained in its kinematically correct holder assembly 120, 

55 each fiber 1 52 of the input fiber array 148 traces out a closed curve when the input ferrule 144 rotates. These closed 
curves are approximately circles, but the actual shapes of the curves are not important. The curves could be ellipses, 
or any simitar shaped closed curve. The same thing applies to the optical fibers 152 in the output fiber array 150. As 
was described with reference to Fig. 6, the closed curves of the optical fibers 152 in the input and output fiber arrays 
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148 and 150 are not concentric. That is any optical fiber 152 positioned to move on a closed curve in the input fiber 
array 148 will not be mirrored by any optical fiber 152 positioned to move on a closed curve in the output fiber array 
150. The V-grooves 140 and 142 are deliberately offset in order to throw any input optical fiber closed curve out of 
concentricity with any output optical fiber closed curve. 

Because the closed curves ofthe respective input and output optical fiber arrays 148 and 150 are not concentric 
they intersect at exactly two points. It is because of this fact that perfect alignment is achieved between the optical 
fibers 152 of the input optical fiber array 148 and the optical fibers 152 of the output optical fiber array 150 Because 
there is no wobble or slop in the ferrule bearings, the kinematically correct holder assemblies 120 the cuwes are really 
closed, and because they are closed the angular coordinates of the intersection points are stable This means that 
for some angular coordinates of the input and output ferrules 144 and 146. an optical fiber 152 ofthe input fiber array 
1 48 comes into perfect alignment with an optical fiber 1 52 of the output fiber array 1 50 at the intersection points And 
because the ounces close, the angular coordinates are stable. They repeat over and over with extreme precision' 
Dynamically, if the trajectory of the system in phase space closes, then it is stable, periodic, and predictable If the 
trajectory does not close, however, then the system can be chaotic. 

Another important advantage is achieved by offsetting the input and output ferrules to rotate about independent 
and separate rotational axes. Each ferrules 144 and 146 may be loaded with any number of fibers 152 Some of the 
fibers 152 will be located about the edge of the inside diameter of the ferrules 144 and 146, and some will be located 
toward the center. By offsetting the ferrules 144 and 146, the closed curves scribed by the input fibers along the edqe 
of the ferrule 144 can be made to intersect all of the output fibers of ferrule 146. even those that are located more 
toward the center To do this, the offset between the two ferrules 144 and 1 46 should nominally be such that the closed 
curve traced out by the input fiber intersect the center of the output ferrule to within a tolerance of 1 /2 the fiber diameter 
In prior art designs, output fibers that are located near the center cannot be connected to input fiber that are on the 
edge. This means that an N X N switch can be built with more of its fibera concentrated toward the center than would 
be possible with prior art mechanical optical switches. This is an important advantage and objective of the invention 
because the angular tolerance required to achieve a given alignment decreases as the fibers move further from the 
center of the ferrule. So. when the fibersarefarfromthecenteroftheferrule. it requiresmoreaccurateangular resolution 
of the apparatus that rotates the ferrules. This would require, for example, the use of more expensive stepper motors 
46 in the prior art designs whereas, in the present invention, less precise and therefore, less expensive stepper motors 
46 can be used. 

Another advantage and objective of the present invention is that the optical fibers 1 52 in the input and output optical 
fiber arrays 148 and 150 may be randomly configured in the input and output ferrules 144 and 146 That is it Is not 
necessary to arrange the fibers 1 52 in the array 1 48 and 1 50 in neat little patterns. Each fiber can follow its own closed 
curve. It make no difference to the operation of the switch, so kxig as the closed curves of all the input fibers 152 of 
the input fiber array 1 48 intersect the closed cun/es of all of the output fibers 1 52 of the output fiber array 1 50 Compare 
this design to the prtor art where something is required to hold the fibers against the surface of the inside diameter of 
the ferrule or position the fibers on a concentric circle. Furthermore, that something must be very accurately dimen- 
sioned or the fibers will not be held tightly, and this will affect the concentricity, diameter, and roundness of the circles 
these fibers should travel. 

An objective of the present invention is to produce a mechanical optical switch 20 that Is easy to manufacture As 
has been previously described, the mechanical optical switch 20 does not require precise positioning of the individual 
fibers 152 of the input and output fiber arrays 148 and 150 in the input and output ferrules 144 and 146 of the switch 
20. The switch 20 of the present invention maybe configured as a 1 X N switch having a single input port and multiple 
output ports or It may be configured as an N X N or N X M switch with multiple input ports and multiple output ports 
In any configuration, the positioning ofthe optical fibers 152 is similar In a 1 X N switch, the input ferrule 144 is filled 
with optical fibers 152. Epoxy is added to the ferrule 144 to fill the voids between the fibers 152 All but one of the 
optical fibers 152 are then snipped at the end of the ferrule 144 leaving a single optical fiber 152 as the optical port 
The same process is used for N X N and N X M optical switches with the exception that less or no fibers 152 are 
snipped. Likewise, the same process Is used for producing the output ports for the switch 20. The important fact here 
IS that no precise positioning of the fibers 152 within the ferrules 144 and 146 is necessary. This substantially reduces 
the manufacturing costs of the switch 20. 

Altemately. a plug device may be used in forming the optical ports of the switch 20. The plug Is positioned In the 
ferrules 144 and 146 and the fibers 152 are positioned between the plug and the inside wall of the ferrules Epoxy is 
used to fill the ferrules 144 and 146. In either process, the ends of the ferrules 144 and 146 containing the fiber 152 
are then ground and polished. 

The input and output ferrules are then mounted in the holder assemblies 120 of the switch 20 and connected to 
the flexible couplings 74 of the ferrule drive system with the input and output fibers 66 and 67 (Fig 3) passing through 
the central bores 64 of the ferrule drive shafts 62. It is worth noting that the assembly of the mechanical components 
of the switch is independent of the location of the optical fibers 152 in the input and output ferrules 144 and 146 As 
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an example, the slotted wheels 68 are mounted on the ferrule drive shafts 62 without regard to the position of the fiber 
1 52 within the ferrules 144 and 1 46. The positioning ofthe slots 70 in the wheels 68 to the photodetectors 52 establishes 
the starting reference points for the fibers 152 in their respective ferrules 144 and 146. The sidewall 38 is secured to 
the housing 22 and the cavity 32 is filled with an appropriate index matching fluid. The top plate 40 Is secured to the 

5 housing and the switch 20 is ready for the alignment process. 

Fig. 9 shows an representative alignment fixture for determining the intersection points of the closed curves of the 
input optical fibers with the closed curves of the output optical fibers. It should be noted that any fiber 152 lying sub- 
stantially on the axis of rotation of either ofthe ferrules 144 or 146 will not move on a closed curve but act as a point. 
For this reason, any fiber 152 on the axis of rotation of either of the ferrules 144 and 146 will not be used as an optical 

10 port. The alignment fixture has a controller 160, such as a computer, a laser source 162, either 1310 nm or 1550 nm, 
a single-mode coupler 164, two optical power meters 166 and 1 68, an electronic switch 1 70 and a bank of photodiodes 
1 72. The computer 1 60 controls both the optical switch 20 and the electronic switch 1 70. and records the analog signals 
from the power meters 166 and 168. The computer locates the angular alignment coordinates of each port on the 
optical switch 20 by following a procedure as exemplified by the flow chart of Fig. 10. The threshold values in the 

IS procedure are not given since they may vary from fixture to fixture based on the laser light source used, the type of 
photodiodes employed and the type of power meters used. 

The basic alignment procedure uses a mathematical model for coupling between two misaligned gaussian beams. 
This model Is generally a good approximation for the optical transmission between misaligned single-mode fibers, 
since the fundamental modes of these fibers are nearly gaussian. The model assumes the two optical fibers are exactly 

20 identical, and that there is no longitudinal or angular misalignment between them. These assumption are valid since 
the ferrules 144 and 146 are ground and polished prior to installation in the switch 20 and clamp collars 96 are used 
to maintain the ferrules 144 and 146 in opposing contact. The mathematical model has previously been set forth in 
equation 1 where Tis the optical transmission, x is the lateral offset between the two fibers and w is the l/e^ radius of 
the irradiance profile of the fundamental mode. Fig. 11 illustrates this function plotted against a logarithmic scale. The 

2S function has a single maxima, obtained when the two fibers are exactly coaxial. The procedure locates this maxima 
by moving the first fiber, and then the second, in such a way as to maximize the optical transmission of the switch. 

For the smooth curve shown in Fig. 11, the iterative procedure in Fig. 10 steadily converges on the maxima, where 
the two fibers are in exact alignment. In the real world, however, the curve is lumpy below a certain level, so at low 
light levels the curve has local maxima that can fool the procedure. These local maxima are much lower, by 20 to 30 

30 dB. than the global maxima, so the procedure must not align to them, or the switch's insertion loss will be to high. This 
is the reason the procedure makes large steps (either clockwise or counter-clockwise) when the transmission is below 
some predetermined threshold, which may be called Local Maxima Threshold, or LMT. These snnall local maxima are 
generally only a few degrees wide, so by searching with 5 or 10 degree steps the procedure avoids them, finding its 
way above the LMT, usually within 5 degrees of the global maxima. 

3S Although a preliminary search with large steps greatly diminishes the danger of inadvertently aligning the.switch 

to the local maxima, the procedure is not fool-proof. As an extra precaution, the procedure checks the absolute trans- 
mitted power before deciding whether or not the port is properly aligned. If the absolute power Is too low, but cannot 
be improved by adjusting the two motors (using the smallest step Increment) then either the switch has a defective 
component, or it is aligned to a local maxima. If this happens, the procedure employs a special problem solving sub- 

40 routine, labeled 1 in flow chart of Fig. 10. 

The problem solving subroutine will use information about how bad the transmission efficiency is, In order to conduct 
another search using increments that are larger than the stepper motor's smallest step, but smaller than 10 degrees. 
It is bel ieved that the LMT can be adjusted so that these types If problems will be very rare, in which case the procedure 
may simply try to align another port, and leave the difficult ones for an experienced human operator. 

45 When aligning switches with many ports, it may be impractical to try to align the ports sequentially. Instead, it may 

he simpler to examine each of the output ports, seeing which is closest to the Input port by measuring the optical power 
at each of the photodiodes, and align that one first. After aligning the first port, the procedure could align the next 
closest port. Generally, this procedure will align the output ports out of sequence, but it will be faster, and the procedure 
can always re-number the ports after completing the alignment procedure. 

so The procedure starts with the controller 160 rotating the input and output ferrule drive shafts 62 to their home 

positions. Their home positions are electrical signals from the photodiodes 52 when the slots 70 of the slotted wheels 
68 pass between the light emitting elements and the light receiving elements of the photodiodes. The procedure sets 
the electronic switch 1 70 to port 1 , box 180, and rotates the input ferrule 144 to maximize the optical signal at the port 
1 photodiode 172. The output ferrule 146 is then rotated to maximize the optical signal, box 182. If the optical signal 

ss is greater than the thresholds, box 184, then the optical signal is maximized again by sequentially rotating stepper 
motors 46 for the input and output ferrules 1 44 and 1 46 using the smallest step increments, boxes 1 86 and 1 88. These 
steps are repeated until the optical signal no longer increases, box 1 90. If the insertion loss is within specifications, 
box 192, then the port is aligned. The number of degrees each stepper motor 46 has tumed from their respective home 
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positions are stored in a memory located on the circuit board 42 mounted on the switch 20. The electronic switch 1 70 
IS set to the next port and the ferrules 1 44 and 1 46 are set to the home position, box 1 94. where the process is reoeated 
for the next port, box 180. h ^ 

If the optical signal is less than the threshold after the first motor tuming. box 184, then the procedure turns motor 

s 1 in the range of 10 degrees clockwise and maximizes the optical signal by tuming motor 2. box 196 If the optical 
signal does not improve, motor 1 is tumed in the range of 20 degrees counter^jlockwise and motor 2 is turned to 
maximize the optical signal, box 200. If the optical signal Improves after the approximately 1 0 degree clockwise rotation 
or the approximate 20 degree counter-clockwise rotation of motor 1 and the maximizing of the optical signal by tuminq 
motor 2. boxes 198 and 202. then the routine continues in the appropriate direction with maximizing the optical sianal 

10 with motor 2. boxes 204 and 206. If the optical signal is greater than the threshold after this process, then the routine 
jumps to that portion of the procedure where motor 1 and 2 are tumed using the smallest increment boxes 186 and 
188. If the optical signal is greater than the insertion loss, box 192. then the port is aligned, box 194 othenvise the 
routine jumps to the special problem solving routine, box 1 86. If after the clockwise and counterK:lockwise rotations of 
the motors, the optical signal is less than the threshold, box 21 0. then the routine jumps to the special problem solvino 

IS subroutine, box 186. ^ f my 

The procedure of Fig. 10 is designed to find one of the two intersecting points on the closed curves of the input 
and output optical fiber defining optical ports. The procedure could easily be modified to find both intersection points 
This would be advantageous for faster switching between ports of the optical switch 20 in that the closest intersecting 
point ofthe designated ports could be more quickly accessed. Further, the procedure just described assumes a blind 
search, that is nothing is known about the locatrans of the fibers 152 within the ferrules 144 and 146 An improved 
apparatus for and method of aligning fibers within ferrules 144 and 146 Is shown in Figs. 1 2 through 18 The alignment 
fixtunng consists of an analytical station 220. shown in Fig. 12 and a measurement alignment station 230 shbwn in 
Fig. 1 3. The analytical station 220 includes a light source 221 , such as a frosted florescent light, and an optical micro- 
scope 222. such as manufactured and sold by Buehler and used for examining the ferrules of fiber-optic connectors 
The microscope is used with a 5X objective in the alignment implementation ofthe present invention Depending on 
the number of fibers 152 in the input and output ferrules 144 and 146. the objective may be larger or smaller For 
example, a 1 0X or 20X objective may be used for a lower port count mechanical optical switch 20 whereas a 2X 
objective may be used for a high port count mechanical optical switch 20. A black and white CCD camera 223 such 
as Model No. KP-MI manufactured and sold by Hitachi Denshi. Ltd. is coupled to the microscope 222 The output of 
the CCD camera 223 is coupled to a video monitor 224. such as manufactured and sold by Hitachi Denshi under f^odel 
No. VM920A/M921. The video monitor 224 output is coupled to a frame-grabber 225. such as Computer EYES LPT 
Model CAT-100. The output of the frame grabber 225 is coupled to a computer 226 containing Compute EYES frame 
grabber software. The measurement alignment station 230 includes a solid state laser 231 , such as a 1 31 0 nm or 1 550 
nm laser used in telecommunications transmission equipment, power meters 232 and 233, such the Model TFC200 
Optical Power Meter manufactured and sold by Tektronix. Inc.. and a computer 234. The individual computers 226 and 
234 may be connected together via a network or may be a single computer shared by both stations Irrespective of 
the configuration of the individual computers 226 and 234, the data output of the analytical station 220 is used by the 
measurement alignment station 230 for aligning the opposing fibers 152 within the ferrules 144 and 146. 

The analytical station 220 acquires images of the respective end faces of the input and output ferrules 144 and 
146 containing the optical fiber arrays 148 and 150 for determining the centers of each fiber 152 within the ferrules 
1 44 and 146. the axes of rotation of the respective ferrules 144 and 146 and the angular alignment coordinates of each 
fiber 152 within the respective ferrules relative to a reference point within each ferrule. The reference point for each 
ferrule is a fixed point within the ferrule that is discemable in the acquired images. In the preferred embodiment of the 
alignment procedure, the reference point is a muttimode fiber, referred to hereinafter as the reference port A multlmode 
fiber IS chosen because it is substantially larger in diameter than the single-mode fibers and is readily identifiable in 
the imaged end faces of the ferrules 1 44 and 1 46. This makes It much easier to find and singularly identify the reference 
port than If it where a single-mode fiber. The need for consistent, even illumination across the fiber 1 52 cores for imaging 
affects the procedure for building the ferrules 144 and 146. The same fiber array or bundle 235 is used for both the 
input and output ferrules 144 and 146 with the ferrules located at opposite ends of the fiber bundle 235 as shown in 
Fig 12. This allows easy illumination of the fiber 152 cores by simply pointing the opposite ferrule toward the diffuse 
light source 221. After scanning the ferrules' images Into the computer, the fiber bundle 235 is cut In the middle to 
separate the two ferrule assemblies. The fiber bundle 235 consists of a number of single mode fibers and the multimode 
reference fiber. In a 1 x N optical switch, all but one single-mode fiber is cut at the input ferrule 144 The measurement 
alignment station 230, operating under program control, selectively rotates the input and output ferrules of the assem- 
bled switch to optimally align the fiber or fibers 152 of the input optical fiber array 148 with the fibers of the output 
optical fiber array 1 50. 

Referring to Fig. 14. there is shown a flow chart for aligning the fibers 152 of the input and output optical fiber 
arrays 148 and 1 50 disposed in the input and output ferrules 144 and 146 and for determining the angular coordinates 
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for each aligned input fiber with an output fiber. The first step 245 of the procedure is to place one of the ferrules in a 
simple fixture, patterned after the V-groove structure of the switch, nnounted on the microscope 222 stage. For expla- 
nation purposes, the output ferrule 146 is described below. 

The next step 246 is to acquire three images of the ferrule, with each image at approximately one hundred and 

5 twenty degrees rotated from its position In previous image. The images are digitized and stored in the computer 226 
for analysis. For example, the output ferrule 1 46 is imaged in the three orientations with the input ferrule 1 44 illuminated 
by the light source 221 and the microscope 222 light off. The acquired images are nearly binary, consisting of the 
illuminated cores of the fibers 152 on a black background. Because of the binary nature of the images, the fiber cores 
are relatively easy to find and accurately located. A typical location error Is on the order of one-half of a pixel, or about 

10 one micron using a 5X objective in the microscope 222. Fig. 15 is an inverted image of the illuminated fibers 152 In 
the output ferrule 146. The small spots 262 are the illuminated cores of the single-mode fibers and the single large 
spot 262 is the illuminated core of the multimode reference port or fiber. A corresponding image of the input ferrule 
1 44 for a N X N mechanical optical switch 20 would look similar to the output ferrule 1 46 Image. An image of the input 
ferrule 144 in a 1 x N mechanical optical switch 20 would show a single small spot for the single input fiber Using 

15 rotated images of one of the fibers within the ferrules finds the true axis of rotation, even if the ferrule's inside and 
outside radii are not concentric. The only requirement imposed on the Input and output ferrules' geometry is that the 
outside radius be approximately round. 

The next step two steps 247 and 248 locate the center of each fiber and the coordinates ofthe ferrule's center of 
rotation. The alignment procedure locates the center of each ferrule by analyzing one of the stored Images of the 

20 ferrule. The procedure compares each stored pixel to a threshold value. Any pixel value greater than the threshold is 
then compared to its eight neighboring pixel values to determine if it is greater than any of its eight neighboring pixels. 
If so, the average center of illumination is determined the region around the pixel equal to the fiber core size. The 
average center of illumination for each local maxima above the threshold value is stored as the coordinates of the 
fibers 152. The alignment procedure determines the true axis of rotation of the output ferrule 146 by analyzing the 

25 ferrule at different rotational orientations. The center of the multimode reference port 262 in the output ferrule 146 is 
determined for each of the three images and the center and radius of rotation is determined by solving the following 
three simultaneous equations: 

(x,-afHy^-bf=r^ [4] 

30 2 2 2 

(X2-a)%(y2-£)r=r^ [5] 

(x^^af^y^-bf^i^ [6] 

In these equations (x^, y^). (X2, ya). snd (x^, y^) are the coordinates of the fiber core in the three images, (a, b) is the 
coordinate of the center of rotation and ris the radius of rotation. The solutions are: 

^ ^ (X3>Xg)(x^-x^+y^-y^)-(Xg-x,)(X3-X3+3|-y3) 
2((X2-Xi )(y3-y2Hx3-X2)(y2-yi )) 

40 ^ (x^-xf-Hy^-y^)+2(y,-y2)fe 
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The above equations locate the coordinates of the axis of rotation for the ferrule 1 46 and the image analysis determines 
the locations of each fiber 152 in the microscope's coordinate system for the output fiber array 150. A coordinate 
transformation determines the location of each fiber 152 in the output ferrule 146 In a coordinate system located on 
the rotation axis of the ferrule. Suppose that Xj. and yf. are the coordinates of the i'th fiber in a general laboratory 
reference frame, while x^ and yf^ represent their locations in a coordinate system centered on the ferrule's axis. Both 
coordinate systems are Cartesian, and their x and y axes are parallel. The coordinate transformation equations are: 

x,.= x^.-a [10] 

yr=y/-f [111 

55 where a and b represent the xand y coordinates of the center of the ferrule in the microscope's laboratory reference 
frame. 

The next step 249 places the input ferrule 144 in the microscope 22 fixture. Three images of the end face of the 
input ferrules are acquired at three different rotational orientations and the three simultaneous equations are solved 
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for (a,b) and r The coordinates of the ferrule's axis of rotation is determined using either the multimode reference fiber 
262 if the nriechanical optical switch 20 is an NxN type switch or the single-mode input fiber If the switch 20 Is a 1 x 
N type switch. The track radius of the Input fibers or fiber, or the distance from the rotational axis of the input ferrule 
144 to the Input fiber's core, is determined. 

The next step 250 is to calculate the radial coordinates of each fiber core 260 relative to the center of the fen-ule 
1 46 and to calculate the relative change in alignment coordinates for each fiber relative to the reference fiber 262 The 
offset distance of the V-grooves. which in turn is the offset distance of the ferrules, is approximately known from the 
specifications of the switch or can be measured directly with a micrometer In addition, a convention for positive and 
negative rotation of the ferrules is defined. Positive rotation is defined as a counter<:lockwise rotation when looking at 
the optical Interface of either ferrule. Negative rotation is defined as clockwise rotation. The positive x-axis and y-axis 
have their origins at the center of the output ferrule with the x-axis extending to the right and y-axis extending upward 
at ninety degrees to the x-axis. In this convention, when both ferrules are rotating through positive angles in their own 
coordinate systems they are counter-rotating at the optical interface because they face in opposite directions 

The radii of the tracks on which each of the output fibers rotates and the angle between the line joining each fiber 
to the x-axis is detemnined by the following equations (with angle in degrees): 



e,. = a tan ( ) if Xj > 0 and y. > 0 (points are in the first quadrant) 



[12] 



[13] 



e,. = a tan ( - ) + 180 if Xj < 0 and y,- > 0 (points are in the second quadrant) 



[14] 
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y. 

e^. = a tan ( ) + 180 if Xj < 0 and y. < 0 (points are in the third quadrant) 



[15] 
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e. = a tan ( j- ) + 360 if Xj > 0 and yj < 0 (points are in the fourth quadrant) [i 6] 

A further rotational transformation of the coordinates of the output fibers is performed so that the multimode reference 
fiber or port is positioned on the positive x-axis. The x-y coordinates of all the output single-mode fibers are calculated 
in this new reference frame. The same procedure is used for the input fibers in a NxN mechanical optical switch 

The next step 251 uses the estimated value of the ferrule offset to calculate re|3tive switch coordinates from the 
reference multimode port. Fig. 16 illustrates the alignment condition for an arbitrary input fiber. The distance between 
the centers of the two ferrules is the V-groove offset d when the ferrules having the same outside diameters. Ferrules 
of unequal diameters may be used without departing from the teaching of the invention. Points 264 and 265 are re- 
spectively the center of the output ferrule and the center of the input ferrule. Point 266 is the intersection point on the 
closed curves of the input fiber with one of the output fibers. From the geometry of triangles, the following equations 
are derived: 



r X sin(ei) = R x sin (<1)1) 



[17] 



45 



SO 



SS 



Solving equations 1 7 and 18: 



R X cos(<t>1)= d' rx cos(G1) 



A1 - n c^^lryf ^JI^JtL 
O I = TT - aSin( rr-: — 

2 ^ 2dr 



[18] 



[19] 



01 - asin( 



rx sin (61) 



R ) [20] 
Equations [19] and [20] give the alignment conditions for each fiber relative to the positive x-axis. Since each fiber's 
polar coordinates are known, the alignment coordinates for each fiber relative to the alignment coordinates of any other 
fiber can be calculated. The relative switch coordinates are passed to the measurement alignment station 230 where 
they are stored in computer 234 and used as the starting values for peaking the alignment of the input fibers or fiber 
with the output fibers. 

As previously described, the fiber bundle 235 has the input and output ferrules 144 and 146 disposed at either 
end and contains the single-nrK)de fibers and the multimode reference fiber and is cut in half after the alignment station 
steps. The ferrules are secured in the mounting members of the mechanical optical switch 20 and connected to the 
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drive motors on the switch 20. The assembled switch is connected to the measurement alignment station 230 in step 
252 with a laser source 231 coupled to the input single-nrK)de fiber 235 as shown in Fig. 12. The single-mode fiber 
bundle 236 and the reference fiber 237 are respectively connected to the power meters 232 and 233. Power meter 
control cables 238 and 239 connect the power meters to the computer A switch control cable 240 connects the optical 
switch to the computer. Step 252 further includes aligning the multimode reference port or fiber with the input single 
mode fiber using a blind search routine as shown in Fig. 17. 

The input and output ferrules 144 and 146 are assembled in mechanical optical switch 20 without respect to the 
location of the reference port 262 and the input fiber to the home position sensors 52 of the switch 20. On initial power- 
up of the mechanical optical switch 20, the drive motors 46 coupled to each ferrule rotate to the home position defined 
by the sensors 52. The blind search routine may be Initialized at this point to a Home-Away-From-Home position, which 
is one hundred and eighty degrees from the home position, but to speed-up the search an operator may manually 
control the motor rotation to position the Input single-mode fiber and the reference fiber in the same quadrant. The 
blind search routine starts with both the input ferrule 1 44 and the output ferrule 1 44 at the arbitrary start position (ASP) 
or the Home-Away-From-Home (HAH) position, block 270. In the below description of the blind search routine, the 
degrees of rotation at each step are illustrative and may be adjusted for some steps as experience dictates. In addition, 
the degrees of rotation will be a function of the number of single-mode fibers in the output ferrule 146. Further, even 
though the routines describe degrees of rotation, the actual data saved for the angular coordinates of the aligned fibers 
is In motor steps. The output ferrule is rotated through five to fifteen degree of rotation In block 271 and the output 
optical power from the reference fiber is measured and compared to a threshold in decision block 272. If the optical 
power output does not exceed the threshold and the output ferrules has not exceeded 360 degrees of rotation from 
the ASP or HAH position as shown In decision block 273, then the routine loops back and rotates the output ferrule by 
another five to fifteen degrees of rotation, block 271 . If the output ferrule has exceeded the 360 degrees of rotations, 
then the output ferrule is reset to the ASP or HAH position and the input ferrule is rotated by five to fifteen degrees of 
rotation as shown in block 274 and the output ferrules is again rotated by five to fifteen degrees, block 271 . The input 
and output ferrules are rotated until the output power measured by the optical power meter exceeds the threshold 
whereupon a peaking routine is executed, block 275. 

The peaking routine, shown In Fig. 1 8, starts by defining the input ferrule equal to one and clockwise rotation equal 
to one as shown in blocks 281 and 282. The current stepper motor coordinates are defined as the best coordinates 
as shown in block 282. The assumption is that there Is some light coupled from the Input fiber to the output fiber The 
routine Is initialized by defining the current stepper motor coordinates as the last best coordinates and setting a variable 
N to zero as shown in block 284. The routine initializes the ferrule to minus one and the rotation to minus one in block 
285. That is, the output ferrule is rotated in a counter-clockwise direction on the first peaking pass. The routine starts 
with rotating the output ferrule in a counter-clockwise direction to determine the coordinates having the maximum 
amount of optical power coupled from the input fiber to the output fiber. The coordinates are saved as the best coor- 
dinates. These steps are shown in blocks 286 through 289. The routine continues past the best coordinates for two 
more steps, block 290, and then starts to rotate the output ferrule in a clockwise direction by setting N equal to one 
and the rotation equal to minus one, blocks 291 and 292.. The routine determines the coordinates having the maximum 
amount of optical power coupled to the output fiber for the clockwise rotation of the output ferrule and saves the coor- 
dinates as the best coordinates, repeating blocks 286 through 289. With n equal to one the routine goes to the best 
coordinates, block 293, and compares the best coordinates to the last best coordinates, block 294. If they are not the 
same for both nrK)tors , the routine loops back through the routine, blocks 283 and 284 to redefine the current stepper 
motor coordinates as the best coordinates and the current stepper motor coordinates as the last best coordinates and 
reset N equal one. What has changed in the coordinates is the output ferrule stepper motor coordinate. The routine 
then switches to the input ferrule by setting the ferrule to a positive one (-1 x -1 =1). block 285. The input ferrule is 
rotated in both the counter-clockwise and clockwise direction to determine the best coordinate for the input ferrule, 
repeating blocks 286 through 292. After the best coordinate for the input ferrule Is detemnined the routine compares 
the best coordinates to the last best coordinates, block 294, to detemnlne if they are the same for both motors. If the 
result Is yes, the routine determines if both motors have cycled, block 295. If the results yes, the best coordinates are 
saved as the optimum alignment positions for the Input fiber and the selected output fiber, block 296. The routine then 
returns to the blind search routine or the routine that called it. The blind search routine then returns to the alignment 
routine. The number of steps from the home position of each stepper motor to the alignment point is saved as the 
coordinates of the intersection point. 

The alignment routine proceeds to the coordinates for port number two, step 253, which is the first single-mode 
fiber, and uses the peaking routine previously described, to determines the optimum coordinates for maximum light 
throughput from the input fiber to the output fiber. The routine recalculates the ferrule offset using the alignment data 
from port two, step 254. Equation [19] gives 91 as a function of n d, and R. Although 01 is not known, the change in 
61 is known as a function of aligning port two using the peaking routine. The change in G1 is the difference between 
the calculated angular coordinate for port two and the alignment coordinate found using the peaking routine. The 
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assumption is that the error is due to the estimate of the offset d, and as such the derivative of equation [19] can be 
used to estimate a correction factor for the offset. Using the correction factor, the value of offset dean be altered and 
new alignment coordinates can be recalculated for the fibers. This procedure may be followed each time a new port 
is aligned, until the changes in alignment coordinate falls below some preset threshold. 

Taking the derivative of equation [15] with respect to cf. rearranging, and replacing differentials with deltas: 

^new = ^est + ^^i [22] 

The routines goes to the calculated coordinates for port three, step 255. and aligns the port with the input fiber using 
the peaking routine. The routine again recalculates the ferrule offset using the port three alignment coordinates and 
recalculates the relative alignment coordinates for all the other ports relative to port three, step 256. The routine goes 
to the next port and each succeeding port and aligns the fibers using the peaking routine, step 257 Each time a port 
IS aligned the routine determines if it is the last port, step 258. When the last port has been aligned, the routine stops 
step 259. The stored best coordinates for each ofthe aligned ports are read into memory circuits on the switch and 
stored. The switch 20 is now ready for use. 

As has been previously described , the mechanical optical switch of the present invention may be configured with 
any number of input and output fibers or ports. The basic operation ofthe switch is to rotate the input or first optical 
fiber on its closed curve to one of the two intersecting points on its closed curve in response to the angular coordinate 
representative of the positbn of the fiber at the Intersecting point matching the intersecting point ofthe second optical 
fiber. The output or second optical fiber Is rotated on its closed cun/e to the intersecting point corresponding to the 
intersecting point of the first fiber in response to the angular coordinate representative of the position of the second 
fiber at the intersecting point. These rotational movements may be performed sequentially, but in the preferred em- 
bodiment they are performed simultaneously. Since the offset closed cun/es intersect at two unique points, the speed 
of the switch may be increased by selecting the intersecting points closest to the input and output fibers prior to rotatina 
the fibers. ^ 

Testing has shown that one ferrule can move the other when it rotates in the same sense as the other, after the 
other ferrule has stopped rotating. To overcome this problem each fiber Is rotated past the selected intersecting point 
by the same amount and then both are counter-rotated simultaneously and stopped at the same time at the intersecting 
point. Testing has also shown that one or both of the input or output rotating sections of the switch can continue turning 
their drive lines until the fiber break or the motors stall. The switch has been configured to generate an interrupt signal 
when either of the motors drive the drive line assemblies more than one or one and one/half times from their respective 
home positions. The reflectors or slotted wheels attached to the respective drive line assemblies pass light to the 
respective detectors at the home position. A user error code Is generated when this condition occurs and the motors 
stops. 

An invalid fiber or port request can be issued to the switch. For this reason, each input and output fiber or port 
selection :is validated prior to rotating the input or output sections of the switch. Maximum limits are set for the Input 
and output sections based on the number of fiber in the respective sections. If the fiber or port request exceeds the 
maximum limits, a user error code Is generated and the sections remain stationary. 

In switch configurations where the input and output sections have multiple fibers or ports, individual fibers are 
selected for either the input or output sections prior to rotating the sections. It is possible when selecting a new fiber 
or port for the maximum fiber or port position to be exceeded. To prevent this conditbn from damaging the switch the 
angular coordinate to the intersecting point of a newly selected fiber or port is summed with the angular coordinate of 
the intersecting point of the previously selected fiber or port. The summed angular coordinate value is compared to a 
maximum range value and a user error code is generated when the summed angular coordinates exceed the maximum 
range value. The angular coordinates in the preferred embodiment are stored as steps of the stepper motor 

Referring to Fig. 1 9, there is shown a perspective view of an Improved mechanical fiber optical switch 300 according 
to the present invention. Switch 300 has a housing 302 having a base 303, end walls 304 and 306 and sidewalls 308 
and 310 forming a cavity 312. Disposed within the cavity 31 2 is a central pedestal 314 of similar design to the pedestal 
34 in Fig. 3. Holder assemblies having a similar design to the holder assemblies in Figs. 7A and 7B are formed in the 
pedestal 314. The holder assemblies include offset V-grooves and spring clamps for holding the mounting members 
350. A recess 316 is formed in the top of the housing 302 for receiving a gasket (not shown). The gasket is secured 
in the recess 316 by a top plate (not shown), which is similar to the top plate 40 in Fig. 3. Like the switch 20 in Fig 3 
a circuit board (not shown) containing electronic circuitry is mounted on the switch housing 302. The cavity 314 is 
enclosed by the top plate and may be filled with an appropriate index matching fluid to reduce back refections of the 
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input light passing between the input fibers 315 and output fibers 317. 

Drive motors 318 and 320, such as stepper motors or DC motors with encoders, are secured to the sidewall 310 
by motor clamps 322 and 324. Gear clamps 326 and 328 secure toothed spur gears 330 and 332 to the drive motor 
318 and 320 shafts. Bores 334 and 336 (bore 336 being visible) are formed in the respective end walls 304 and 306 

s for receiving mounting member drive line assemblies 338 and 340. Mounted on the base 303 are detector brackets 
342 and 344 for mounting reflective sensors 346 and 348, such as manufactured and sold by Honeywell, Inc., Minne- 
apolis, MN, under part number HOA1160. 

The housing 302, the top plate, motor clamps and detector brackets may be made of the same material as the 
housing 22 in Fig 3. In the improved design these parts are milled or formed aluminum. The drive motors 31 8 and 320 

10 are stepper motors manufactured and sold by HSl, Inc. Waterbury, CT, under part number 33755-01 . The gear clamps 
326 and 328 used in the current design are manufactured and sold by W. M. Berg, Inc., East Rockaway, NY under part 
number CGI -25-A. The toothed spur gears are manufactured and sold by PIC Precision Industrial Components Corp., 
Middlebury, CT under part number H47-72. 

Referring to Fig. 20 there is shown a plan view of the opposing mounting members and one of the two similarly 

IS designed mounting member drive lines 338 and 340. The mounting member drive line has a mounting member 350, 
such as a ferrule or the like, having one end coupled to a strain relief coupling 352. The other end of the mounting 
member 350 has a sleeve member 354 secured thereto, the purpose of which will be described in greater detail below. 
Coupled to the other end of the strain relief coupling 352 is a flexible drive shaft coupling 356, such as a flexible bellows 
manufactured by Servometer Corp., Ceder Grove, NJ, under part number FC-1. For use in the mechanical fiber optic 

20 switch of this design, the stock couplings of the bellows have been replaced and the interior bore has been enlarged. 
One end of the flexible drive shaft coupling 356 fits into the end of the strain relief coupling 352 and the other end fits, 
over a drive shaft 358. The drive shaft is a stainless steel part, such as manufactured by PIC Precision Industrial 
Components Corp., Middlebury, CT under part number A3-23 or by W. M. Berg, Inc., East Rockaway, NY, under part 
number S4-23. Mounted on the drive shaft 358 is a retaining ring 360, such as manufactured by W. M. Burg, Inc. under 

25 part number Q7-25. Mounted on the drive shaft 358 next to the retaining ring 360 is an inner race spacer, such as 
manufactured by W. M. Berg, Inc., under part number SS2-32. Bearings 364 and 366, such as manufactured by W. 
M. Berg, Inc. under part number B1-31-Q3. are mounted on the drive shaft 358 next to the spacer 362. Positioned 
between the bearings 364 and 366 Is a bearing spacer 368, such as manufactured by W M. Berg, Inc. under part 
number SS2-65. Positioned on the drive shaft 358 adjacent to the bearing 366 is an outer race spacer 370, such as 

30 manufactured by W. M. Berg, Inc. under part number SS3-1 3, which is followed by another retaining ring 372. such as 
manufactured by W. M. Berg, Inc. under part number Q4-50. A seal 374, such as manufactured by Bal Seal Engineering 
Co.. Inc., Santa Ana. CA under part number R31 5LB-202-SP-45, is positioned adjacent to the retaining ring 372. The 
end ofthe seal 374 opposite the retaining ring 372 has a flange 376, which fits Into a recess formed in the outer surface 
of the end walls 304 and 306 and surrounds the apertures 334 and 336. A seal cover 378 and an outer race spacer 

3S 380 are positioned against the seal 374. The seal cover and the outer race spacer 380 have coextensive apertures 
formed therein for receiving screws or the like. The seal cover 378 and the outer race spacer 380 are secured to the 
outer surface of the end walls 304 and 306 with the screws for securing the seal 374 in the housing 302. Positioned 
on the drive shaft 358 adjacent to the outer race spacer 380 Is a bearing 382, such as manufactured by W. M. Berg, 
Inc. under part number B1 -31 -Q3, and another inner race spacer 384, such as manufactured by W. M. Berg, Inc. under 

40 part number SS2-30. A toothed spur gear 386. similar to the gears 330 and 332, are mounted on the drive shaft 358 
and secured thereto by gear clamp 388, similar to gear clamps 326 and 328. A reflector code wheel 390 is mounted 
on the end of the drive shaft 3 58 in tine with one of the reflective sensors 346 or 348. The improved sinriplified drive 
line has fewer coupling joints compared to the drive line In Figs. 4 and 5. Further, all couplings are either bonded with 
an epoxy, such as TRA-Bond BA-F230 epoxy or Epo-tek 353ND epoxy. or clamped In place with a splithub restraining 

4S device. 

As previously described with regard to the nrK>unting nnember ferrule 86, mounting member ferrule 350 may be 
formed of a borosilicate glass. Extensive testing of the mechanical fiber optic switch of the present invention has shown 
that the end-faces of the glass ferrules 350 were wearing against each other This wear resulted in damaged fibers at 
the optical interface. Sometimes the fibers also became contaminated by wear particles. The problem exhibited itself 

so as a gradual, but sometimes erratic, increase in switch insertion loss. The cross-sectional view of Fig. 21 along line A- 
A' of Fig. 20 shows how the use of ceramic sleeves 354 resolved this problem. The ceramic sleeves 354, such as 
manufactured and sold by Mindurm Precision Products, Rancho Cucamonga, CA, are epoxied to the end faces of the 
glass ferrules 350. The ferrule, populated with optical fibers, and the sleeves 354 are polished as a monolithic part. 
Since the ceramic is much harder than the glass, it polishes more slowly. This results in an under-polish 392, with the 

ss surface of the glass roughly 11-15 microns below the surface of the ceramic. Consequently, the glass ferrules do not 
tough at all as representatively shown in Fig. 21 . The ceramic sleeves keep the ferrules separated by about 25 mbrons. 
Additionally, since the ceramic wears much better than the glass, there are fewer wear particles to cause problems 
with contamination. An alternative to using ceramic sleeves with glass ferrules, is to replace the glass ferrules with 
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thickness Of the inserts were increased ,o 0.062 inches thick^This has grimly reduces iTaZ^Z ll 

A further embcxJiment ofthe mechanical optk:al switch 20 Is to add a phc^^LTcS^ wrtl mTs^^^^^ 
the interface between the input and output fiber arravs 148 and i «?n -n^T^^^Z ^ ^ proximate to 

scattered near the optical interface between thraS^I If anS l^inl o.^^^ °' 
of the misalignmenrof the various wTrtsonhr^wrtToi^ ? generates an electrical output as a function 

division muMp,e»,s (WOM) ' ' * '^'"^ '^^ '^^ 430 may b. «av.lo,^ 

swrtch 424 maybe coupled to the -dark Lr- Of the ^tica. fiber lin^^ 

Another appfication for the remote fiber test system is oerformina snw/<:?OMPx 

SONET s.,. Such , ,^ . »^.>>^iS^:^^^^':^rjz^L'^jr 
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The mechanical optical switch 20 of the present invention has been described using electrical stepper motors 46 
for rotating input and output ferrules 144 and 146 to align the opticai fibers 152 In the input and output optical fiber 
arrays 1 46 and 1 50 representing the Input and output optical ports ofthe switch. It is also possible to practice the present 
invention using manual means for aligning the input and output optical ports. In such a switch, the stepper motors 46 
and the toothed spur gears 48 are replaced with reduction gear assemblies. The reduction gear assemblies engage 
the ferrules drive shaft spur gears 72 on the ferrule drive shafts 62. A knob is provided for manually rotating the gear 
assembly and hence the ferrules 144 and 146 in the switch 20. Detents can be provided with the gear assembly to 
indicate alignment locations of the input and output ports. Alternately, alignment may be achieved by monitoring the 
appropriate output port for a maximum optical signal. 

A mechanical optical switch has been described that meets cycle-to-cycle repeatability, long-term repeatability, 
and absolute misalignment specifications. The switch is inexpensive and easy to manufacture. The switch has offset 
ferrules that rotate about independent axes with the ferrules being held independently in separate three-point kinemat- 
ically correct mounts, such as \Ablocks. The V-bbcks are lined with a wear-resistant material, such as glass or ceramic 
and lubricated with an index matching fluid. Offsetting the ferrules and mounting then in kinematically correct mounts 
allows the fibers held within the ferrules to trace out closed curves with the closed curves of the fibers in the input 
ferrule intersecting the closed curves of the fibers in the output ferrules. The input ferrule and the output ferrule are 
fully filled with fibers with ail the fibers being accessible as ports with the exception of the fibers centered on the axes 
of the ferrules. Additionally, the ceramic sleeves are used to reduce the insertion loss between the input and output 
fibers over time by reducing the wear at the optical interface. Further, the optical switch is useable in a remote fiber 
test system for performing test on optical fiber links using optical measurement lest equipment. These and other aspects 
of the present invention are set forth in the appended claims. 



Claims 

1. An optical switch (20) comprising: - 

(i) at least a first optical fiber (66) disposed within a first ferrule (86) arranged for rotation about a first inde- 
pendent and offset rotational axis with' the first optical fiber (66) positioned within the ferrule (86) to move on 
a first closed curve; 

(ii) at least a second optical fiber (67) disposed within a second ferrule (86) arranged for rotation about a 
second independent and offset rotational axis with the second optical fiber (67) positioned within the ferrule 
to move on a second closed curve, the first and second optical fibers (66, 67) being in opposing relatioriship 
forming an optical interface, with the first and second rotational axes being laterally offset from each other for 
offsetting the closed curve of the first optical fiber (66) from the closed curve of the second optical fiber (67) 
for establishing intersecting points between the closed curves of the first and second optical fibers (66, 67); 
(ill) first and second sleeve members secured to the respective first and second ferrules at the optical interface 
with the sleeve members having a hardness greater than the ferrules and the optical fibers for forming respec- 
tive recessed polished end face regions on the ferrules at the optical interface; 

(iv) first and second offset holder assemblies for receiving the first and second ferrules with each holder as- 
sembly having a kinematic V-groove structure with an apex and angularly extending sidewatis forming a V- 
shaped cavity for receiving the respective ferrules and a spring clannp having first and second spring clamp 
members positioned over the V-shaped cavity for securing the ferrule in the cavity, the sidewalls of the V- 
groove structure and the spring clamp members having wear-resistant inserts secured thereto having a hard- 
ness equal to or greater than the ferrule; 

(v) means for storing angular coordinates representative of the intersecting points between the closed curve 
of the first optical fiber and the closed curve of the second optical fiber; and 

(vi) means for selectively rotating the first and second optical fibers relative to each other about their respective 
independent and offset rotational axes for axially aligning the first and second optical fibers at one of the 
intersecting points on the closed curves. 

2. An optical switch as clainned in Claim 1 wherein the first and second sleeve members and optionally also the wear- 
resistant V-groove inserts and the wear-resistant spring inserts comprise zirconium oxide or another ceramic ma- 
terial. 

3. An optcal switch comprising: - 

(i) at least a first optical fiber disposed within a first ferrule rotating about a first Independent and offset rotational 
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^1 Tr °^ positioned within the ferrule to move on a first closed curve and the first ferrule 

having a hardness greater man the optical fiber for forming a recessed polished end face on the ferrle 
00 at leas a second epical fiber disposed within a second ferrule rotating about a second inipendeni and 
Offset rotational ax.s wrth the second optical fiber positioned wfthin the ferrule to move on ^ sS^d d^S 
curve and the second ferrule having a hardness greater than the^6ptical fiber for forming J ri^ooSS 
end face on the ferrule, the first and second optical fiber being in opposing relat onship S^rTq t o^^^^^ 
interface at the polished end faces of the ferrules, with the first and seco^ rotational axeTbeZateS^^v S 
^each other for offsetting the closed curve of the first optical fiber from the cIcTed cur^e S the s^^^^^ 
op Kal fiber for establishing intersecting points between the closed curves of the first and second ooti^f^^ 
(.u) f^t and second offset holder assemblies for receiving the first and second Sruies wTeaS^^^^^^^^^ 

sh^n "1'^'°°^" ^" ^P^'^ ^"^ ^"9"'«rty «>««nding sidewJSrforminq at 

shaped cavity or recoMng the respective ferrules and a spring clamp having first and second sprrcbmo 
members positioned over the V-shaped cavity for securing the ferrule in the cavity the sidewalte o? tht v 
gr^e structure and the spring clamp members having wear-resistant inserts seculThe^SS^gVSai^- 
ness equal to or greater than the ferrule; naving a nard- 

(iv) means for storing angular coordinates representative of the intersectina ooints betwepn fh« 
Of the first optical fiber and the closed curve of the second optical fiber and '""'^ 
(V) means for selectively rotating the first and second optical fibers relative to each other about their resDectiv« 

«nonH?' preceding claim and comprising a plurality of optical fibers disposed within the 

,rrrt K^K °' ""^'^ independent and oSreT^Stl^al alis 

for establishing at least one intersecting point between each of the closed cun/es of the plur^HW of oo i^l fiS^^ 
disposed wrthin the second female and the closed cun.e of the optical fiber disposed w£ t^rrt feS 

An optical switch as claimed in Claim 5 wherein the plurality of optical fibers completely fill the second ferrule. 

An optical switch as claimed in any preceding claim and comprising a plurality of optical fibers disoosed within thP 

T tT^ J'T intersecting point between each of the closed cuives of the optical fibers diTpSil with^ 

the first ferrule and closed curve of the optical fiber disposed within the second ferrule. 

P^Tet^S fiS'thrS^^trl^r"" ""^'^ ' '^'"'^'"^ °' "''^^^ '-'^^^^ -"-^^ '--'e com- 

fJInTor h""* as claimed in any preceding claim and comprising first and second plurality of optical fibers 
respectively disposed with the first and second ferrules with the first plurality of optical Lerrotatinq about the 
first independent and offset rotational axis and the second plurality of optical fiberL ratefinq St ?he secc^d 

^J^T* T'T*" ''^^^ *" ® ""^ ^ plurality Of optical fibers disposed within the 

respective first and second ferrules completely fill the ferrules. ' "oers aisposea within the 

^nT^tTj"^ preceding claim wherein the V-groove inserts include wear-resistant strips 

bonded to the opposing ends of the sidewalls for fom,ing a double-ended bearing for the fiist and s«^d fermtes 

12. An optical switch as claimed in Claim 11 wherein the first and second spring clamp members are oositioned ov«r 
each bearing of the double-ended bearing for securing ,he first and second'ferrule's in t"f ^Xpe^SS. 

materL?' "^""''^'"^ ^^'^"^ ^^""^^ comprise a borosilicate 
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14. An optical switch as claimed in any preceding claim wherein the inserts and the wear-resistant spring inserts 
comprise sapphire. 

15. An optical switch as claimed in any preceding claim wherein the rotating means comprises first and second stepper 
motors responsive to the angular coordinates of one of the intersecting points of the first and second closed curves 
for coupling rotational movement to the respective first and second optical fibers. 

16. An optical switch as claimed in any one of Claims 1 to 14 wherein the rotating means comprises first and second 
DC motors with high resolution encoders responsive to the angular coordinates of one of the intersecting points 
of the first and second closed curves for coupling rotational movement to the respective first and second optical 
fibers. 

17. An optical switch as claimed in any preceding claim wherein the rotating means includes rotatable shafts coupled 
to each of the ferrules with each rotatable shaft having a first spur gear mounted thereon for engaging a second 
spur gear mounted on the rotating means. 

18. An optical switch as claimed in Claim 17 wherein first and second bearings are provided, central bores therein 
receiving the respective rotatable shafts. 

19. An optical switch as claimed in Claim 17 or Claim 18 wherein each rotatable shaft further comprises a first shaft 
having a central bore for receiving one of the respective first and second optical fibers and a flexible drive shaft 
coupling for connecting the first shaft to the respective ferrules. 

20. An alignment apparatus for determining angular coordinates of intersecting points of offset closed curves in an 
optical switch having at least a first optical fiber disposed within a first mounting member rotating about a first 
independent and offset rotational axis within the first optical fiber positioned within the mounting member to move 
on a first closed curve and a plurality of optical fibers disposed within a second mounting member with a plurality 
of optical fibers within the second mounting member rotating about a second Independent and offset rotational 
axis with the plurality of optical fibers positioned within the second mounting member to move on closed curves, 
the first and second mounting members having end faces in opposing relationship forming an optical interface 
between the first optical ftber and the plurality of optical fibers, the first and second rotational axes being laterally 
offset from each other for offsetting the first closed curve from the closed curves of the plurality of optical fibers 
for the establishing intersecting points between the closed curves of the plurality of optical fibers within the second 
mounting member and the closed cun^e of the first optical fiber comprising: . r , 

an analytical apparatus for Imaging the respective end faces of the first and second mounting members for 
determining the respective axes of rotation of the mounting members, the locatbns of the optical fibers in the 
respective mounting members and coordinates of the optical fibers relative to the axis of rotation of the re- 
spective mounting members, the location of at least one reference point within one of the mounting members, 
and relative angular coordinates of intersecting points between each of the closed curves of the plurality of 
optical fibers within the second mounting member and the closed curve of the first optical fiber as a function 
of the offset of the first and second mounting members and the reference point; and 
a measurement alignment apparatus receiving the relative angular coordinates of the intersecting points be- 
tween each of the closed curves of the plurality of optical fibers within the second mounting member and the 
closed curve of the first optical fiber from the analytical apparatus for determining the angular coordinates of 
the Intersecting points between each of the plurality of optical fibers and the first optical fiber as a function of 
optimally aligning the first optical fiber with each of the plurality of optical fibers. 

21. An apparatus as claimed in Claim 20 wherein the analytical apparatus includes a microscope having a stage on 
which is mounted a holder assembly for receiving the first and second mounting members. 

22. An apparatus as claimed in Claim 20 or Claim 21 wherein the analytical apparatus includes a light source for 
coupling light into the first optical fiber and the plurality of optical fibers. 

23. An apparatus as claimed in Claim 21 wherein the analytical apparatus includes a camera coupled to the microscope 
for generating Images of the end faces of the first and second nruxintlng members respectively containing the first 
optical fiber and the plurality of optical fibers. 
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24. An apparatus as claimed in Claim 23 wherein the camera is a video camera for generating video images. 

25. An apparatus as claimed in Claim 24 wherein the video camera is a charged coupled device camera. 

rei^^Sf f rr""^ v.suat presentations of the end faces of the first and second mounting 3nb^ 
respectively containing the first optical fiber and the plurality of optical fibers. memoers 

27. An apparatus as claimed in Claim 26 wherein the analytical apparatus includes a frame grabber for aconirinn 
° 'T"? '^'^'^ °' ^"'^ '"^'^'^-^^ respectively conSgC ffrst oS^^^^ 

fr^Ia^s' ' 

.hlSf "f ""^"^ *" ^"^"y*^^' apparatus includes a computing means for receivina 

r«Lt^ r , representative of the acquired images of the end faces of the first and second3nting mTmS 

the respective axes of rotation of the mounting members, the locations of the optical fibers in the rLSTmoum 
ing members and the coordinates of the optical fibers relative to the axis of dotation tJl rLSve r^oTiJo 

29. An apparatus as claimed in any one of Claims 20 to 28 wherein the measurement alignment apparatus includes 
a laser light source coupled to the first optical fiber. apparatus includes 

^mTric^'T'.^' Claimed in any one of claims 20 to 29 wherein the measurement alignment apparatus further 
cornpnses fl^t and sec«vi optica, power meters co^ 

t f ^'^^'^^ ^^-^^nd mounting membeTrd 

the second optical power meter coupled to the remaining plurality of optical fibers. rnemoer and 

31. An apparatus asclaimed in Claim 30 wherein the measurement alignment apparatus furthercomprises a comoutin. 

Tc^trol ^ST^ 2 ""'^ ^ ""''^'^ optical switch for deteZinnndeTpT^tS 

control the angular coordmtes of the intersecting points between each of the plurality of optical fibers and thJ^ 
optical fiber as a function of optimal^ aligning the first optical fiber with each of the plura^S opS f^^^^^^^^ 

Of Th!l''f°^/°' detenrnining the angular coordinates representative of the intersecting points on the closed cuives 
dLoi!d ir'^r'''r ^"^ ^'""^'"^ °' ^" °P*'^^' ^^'''^ •^--'ng at least a ffrst opSaTf7ber 

Sned Sn t^f "'"""^ " independent rotational axis with the first oS be 

positioned within the mounting member to move on a first closed curve and a plurality of optical fibers disoosed 
«mhin a second mounting member with the plurality of optical fibers within the secondlounCmemb^^^^^^ 
aboutasecond independent and offset rotational axis With theplurality of optical fibers positioned .TJ^^ 
mountingmembertomoveoncfosedcurvesjhefirstandsecondmounting members having^^^^^ 
etetKjnship fomiing an optical interface between the first optcal fiber and the plurality of^opTcarfrbenrthe 
f rst and second rotational axes being laterally offset from each other for offsetting the first cLed ciZ f^ the 
Closed curves of the plurality of optical fibers for establishing intersecting points between the clieS cu^eTTf J e 

S:th2;.SmTSg> " """" ^""^ °^ the^roptirtTbetthe 

a) determining relative angular coordinates of intersecting points between each of the closed curves of the 

end faces of the first and second mounting members for determining the locations of the optical fibers in the 
espec ive mount^g members and a, leas, one reference point within one of the mounting membis Te 
If roS'" °' "'^'^^'^ coordinates of the optical fibers relat^^To the axis 

wit^ he offl « -°""«ng members and using the coordinates of the optical fibers in con un "on 

with the offset of the first and second mounting members; uuncuon 

b) acUusting the relat^^e angular coordinates of intersecting points between each of the closed curves of the 
plurality Of optica, fibers and the closed cun/e of the first optica, fiber as a function of align'g Jhe ,"st optiS 
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fiber with the reference point; 

c) optimally aligning one of the plurality of optical fibers with the first optical fiber at one of the intersecting 
points on the cbsed curves using the adjusted relative angular coordinates as the starting angular coordinates; 

d) readjusting the relative angular coordinates of intersecting points between each of the closed curves of the 
remaining plurality of optical fibers and the closed curve of the first optical fiber and the offset of the first and 
second mounting members; 

e) optimally aligning the remaining plurality of optical fibers with the first optical fiber at their respective inter- 
secting points using the readjusted relative angular coordinates as the staring angular coordinates; and 

f ) storing the angular coordinates of the intersecting points of the optimally aligned first optical fiber and each 
of the plurality of optical fibers. 

33. A method as claimed in Claim 32 wherein the readjusting step includes the sub-steps of> 

a) optimally aligning another of the plurality of optical fibers with the first optical fiber at one of the intersecting 
points on the closed curves using the readjusted relative angular coordinates as the starting angular coordi- 
nates; and 

b) readjusting the relative angular coordinates of Intersecting points between each of the closed curves of the 
remaining plurality of optical fibers within the second mounting member and the closed curve of the first optical 
fiber and the offset of the first and second mounting members, 

34. A method as claimed in Claim 32 or Claim 33 wherein the determining step includes the sub-step of acquiring 
images of the respective end faces of the first and second mounting member in differing rotational orientations. 

35. A method as claimed in claim 34 wherein the acquiring step includes the sub-step of rotating each of the respective 
first and second mounting members approximately one hundred and twenty degrees for each image. 

36. A method as claimed in any one of Claims 32 to 35 and including the sub-step of transforming the location of the 
first optical fiber in the first mounting member and the plurality of optical fibers in the second mounting members 
in the imaged end faces to locations referenced to the axis of rotation of the respective mounting members. 
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(54) Mechanical optical switch 



(57) An Improved M x N mechanical optical switch 
has opposing input and output optical fiber bundles 
(148,150) disposed within offset ferrules (144,146) 
forming an optical interface with the ferrules having 
sleeve members secured to one of the end faces there- 
of. The sleeve members have a hardness greater than 
the ferrules and the optical fibers for forming respective 
recessed polished end face regions on the ferrules at 
the optical interface. Each ferrule is nrK>unted in three- 
point kinematically correct V-groove holder (1 40,1 42) al- 
lowing the optical fibers in each optical fiber bundle to 
traverse on a closed curve path during the rotation of 
the respective ferrules. Each V-groove holder has a 
spring clamp with first and second clamp members and 
wear-resistant inserts secured to the clamp members 
and the sidewalls of the V-groove holder. The closed 
curve paths of each optical fiber in one of the optical 
fiber bundles intersect at least one of the ck>sed curve 
paths of the optical fiber in the opposing optical fiber 
bundles. The intersection points of two opposing closed 
curve paths establish the optimum positioning locations 
for two opposing fibers. Offsetting the axes of rotation 
of the opposing optical fiber bundles and mounting the 
bundles in a three-point kinematically correct holder pro- 
duces a mechanical optical switch having superior cy- 
cle-to-cycle repeatability, long term repeatability and ab- 
solute alignment using loosely toleranced components. 
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